Abstract: We use antenna-antenna interactions to reduce spatial correlations among antenna elements. which allows for closely packed arrays for MIMO applications in small portahle devices. The reduction in spatial correlations is a result of the modification of the antennas' radiation pattern when the elements are brought close to each other. We show how a particular dielectnc antenna element can be manipulated so that closely placed elements have either nearly isotropic radiation patterns or more anisotropic ones. Accordingly, we find that in a multiplescattering envuonment the correlation between antennas with isotropic pattern has the oscillatory behavior with period -1 expected for a 3D Rayleigh fading environment. On the other hand, antennas with anisotropic pattern show low degree of spatial correlation of -0.2 independent of the antenna separation. Electromagnetic simulations confum our experimental observation and provide a path for a systematic design and optirmzation of compact antenna arrays.
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Introduction: Multiple-input multiple-output (MIMO) techniques have attracted a great deal of attention with their potential to achieve high data transmission rates. [I] Central to these schemes is the existence of independent spatial channels allowing simultaneous transmission and reception of independent streams of information. Thus, correlation between antennas could be crucial for the performance of the system. In the case of a rich scattering environment (Rayleigh fading), separating the elements in the receive and transmit arrays by at least U 2 would ensure the required channel independence. While this does not present a problem in a base station, accommodating multiple-antenna arrays in a small portable device with such a separation between antenna elements might not he possible. In this work, we demonstrate that one can use antenna coupling to build compact antenna arrays with very low correlations between different elements, which makes possible the implementation of MIMO techniques in small terminals. By taking advantage of antenna-antenna mteractions. we build arrays in which each element's radiation pattern has lobes of maximum gain oriented towards different regions of the space, thus effectively de-correlating the received signals regardless of the separation among the antenna elements.
Antenna elements: We use dielectric antenna elements (product of Toko, Inc. 121) designed for use in wireless modems for laptop computers (Fig la) . The manufacturer's suggested use is mounting the element on a ground plane that is large compared to the size of the antenna. However, since our objective is to study correlations between antennas that are separated by small distances we use two different antenna realization based on the original element that are schematically presented in Fig. Ih,c . In the fmt case (h), we use a circular ground plate with a radius of -U4, while in (c) the ground plate is eliminated completely. Measurements of the gain and the radiation patterns show that both antennas are linearly (vertically) polarized and have resonant frequencies at 2.50 and 2.60GHz, respectively. A 2D plot of the received power obtained 6om these measurements is shown in Fig. 2a . A similar pattern is obtained for the phase, but is not presented here for sake of space. The plot shows variations of power with features that are roughly on the scale of h. The contlnuity of the speckle pattern indicates that the measured field is static. From this field map we calculate the spatial autocorrelation function deflned by:
where Ax is the distance between points "I" and 'y, V, is the voltage measured at point "i' and V,' denotes its complex conjugate. We note that the signal V, is, to a very good approximation, proportional to the component of the electric field at position i along the direction of polarization of the antenna. The brackets denote average over the ensemble defined by pairs separated by the same distance (within 0.2 cm, given our experimental resolution). The magnitude of the correlation function with Ax is shown in Fig. 2b . We note that the correlation function presented here is obtained 60m measurements in a single location and that the pairs of points of detection do not span all possible orientations, which does not form a complete statistical ensemble. Thus, the result obtained gives only the gross features expected. The oscillatory behavior of the field Correlation is clearly seen with a magnitude of the order of unity for closely spaced points and a minimum for Ax -0.6h.
Antenna-Antenna Interaction and Radiation Patterns:
The comelation function presented above would give the correlation between the signals measured by two independent noninteracting antennas. However, the antennas are physical objects and it is to expect that they will Simulation H plane V plane For realizing a statistical ensemble the receive antennas were being moved in a random fashion with respect to the walls, while keeping their orientation vertical (the transmit antenna has the same orientation and is kept stationary). The field received by each antenna was measured sunultaneously using a standard two-channel receiver. Measurements were performed with antennas with and without ground plates operated at their resonant frequencies, 2.50 GHz and 2.60 GHz respectively. In addition, since antenna impedance and mutual interaction and radiation pattern are frequency dependent, we have also measured the correlations with elements without ground plate operated slightly off resonance, at 2.44 GHz. At this frequency, while the antenna gain is slightly reduced by -3 B, we found the most drastic changes of the antenna radiation pattern in the presence of a second antenna. For a given separation between antenna elements we calculate the correlation between the fields measured by each element by using (I) , where V, is now the voltage measured at Rxl and V, is the voltage at Rx2. The results are shown in Fig. 4 . In the case of elements with a ground plate (a), we obtain correlations close to the function sin(x)/x corresponding to 3D difisive wave propagation for non-interacting antennas These results are consistent with the measurernentv and the simulations of the radiation patterns of the antennas in the presence of a second antenna, where we obseme a transition from nearly isotropic radiation pattems in case (a) to highly anisotropic ones in case (c). This finding indicates the possibility of using antenna interactions for creating radiation patterns with directional diversity, so that the signals measured remain uncorrelated. even for closely located antenna?. This will allow successful implementation of MIMO techniques in small ulreless devices.
In addition to measuring the correlation funcuons between two antennas we have also calculated the correlation values for cenain antenna separation. From the far-field obtamed from the 3D EM simulations a? a function of direction E(&$), the antenna correlations can be calculated using:
The results born these calculations assuming complete mixing are given in Fig. 4b (full mangles) and show good agreement with the measured values. Thus, we demonsmte a method of simulating the radiation patterns and using these to calculate the correlations between antennas for the design and optimization of compact arrays with reduced spatial correlations.
Conclusions:
We have performed a complete expenmental study of spatial correlations among antenna elements in indoor environments. Single-antenna measurements of the static electric field pattern illustrate the interference produced by multipath propagation and allow us to obtain the spatial correlation function corresponding to non-interacting antennas. Measurements and simulations of the radiation patterns of antennas brought close to each other show that one can create patterns with directional diversity. Direct measurements of the correlation between two receive antenna elements showed that this in turn leads to very small correlations between antenna elements. This makes possible the realization of compact antenna arrays that allow for MIMO implementations in small wireless devices. Moreover, we demonstrate a reliable method of calculating the correlations between antenna elements using far-field radiation patterns obtained from 3D EM simulations that can he used for array optimization in vanous applications.
